The maximum entropy method is used to compute the dressed-quark spectral density from the self-consistent numerical solution of a rainbow truncation of QCD's gap equation at temperatures above that for which chiral symmetry is restored. In addition to the normal and plasmino modes, the spectral function also exhibits an essentially nonperturbative zero mode for temperatures extending to 1.4 − 1.8-times the critical temperature, Tc. In the neighbourhood of Tc, this long-wavelength mode contains the bulk of the spectral strength and so long as this mode persists, the system may fairly be described as a strongly-coupled state of matter.
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PACS numbers: 11.10.Wx, 12.38.Mh, 11.15.Tk, 24.85.+p It is believed that a primordial state of matter has been recreated by the relativistic heavy-ion collider (RHIC) [1] . This substance appears to behave as a nearly-perfect fluid on some domain of temperature, T , above that required for its creation, T c [2] . An ideal fluid has zero shear-viscosity: η = 0, and hence no resistance to the appearance and growth of transverse velocity gradients. A perfect fluid with near-zero viscosity is the best achievable approximation to that ideal. Graphene might provide a room temperature example [3] . From Newton's law for viscous fluid flow; viz., (v/d) = (1/η)(F/A), it is apparent that in near-perfect fluids a macroscopic velocity gradient is achieved from a microscopically small pressure. Strong interactions between particles constituting the fluid are necessary to achieve this outcome. Hence the primordial state of matter is described as a strongly-coupled quark gluon plasma (sQGP).
Quantum chromodynamics (QCD) produces the bulk of the mass of normal matter. At T = 0 it is characterised by confinement and dynamical chiral symmetry breaking (DCSB), phenomena that are represented by a range of order parameters which all vanish in the sQGP. Understanding the sQGP therefore requires elucidation of the behaviour and properties of quarks and gluons within this state. Perturbative techniques have been developed for use far above T c ; viz., the hard thermal loop (HTL) expansion [4, 5] , which has enabled the computation of gluon and quark thermal masses m T ∼ gT and damping rates γ T ∼ g 2 T , with g = g(T ) being the strong running coupling. It also suggests the existence of a collective plasmino or "abnormal" branch to the dressed-quark dispersion relation, which is characterised by antiparticlelike evolution at small momenta [6] .
Owing to asymptotic freedom, the running coupling in QCD increases as T → T + c . Therefore, a simple interpretation of the HTL results suggests the plasmino should disappear before T c is reached because γ T increases more rapidly than m T and γ T /m T ∼ 1 invalidates a quasiparticle picture. On the other hand, lattice-regularised quenched-QCD suggests that the plasmino branch persists in the vicinity of T c [7] . It is necessary to resolve the active degrees of freedom in the neighbourhood of T c because the spectral properties of the dressed-quark propagator are intimately linked with light-quark confinement [8] and it is the long-range modes which might produce strong correlations.
When addressing issues concerning the dressed-quark propagator it is natural to employ the gap equation, which is one of QCD's Dyson-Schwinger equations (DSEs) [9] [10] [11] . Equations of this type are ubiquitous in physics and in QCD the DSEs are distinguished by their ability to unify the analysis of confinement and DCSB within a single nonperturbative, Poincaré covariant framework. Extensive work within this approach has shown that below T c dressed-gluons and -quarks are confined and chiral symmetry is dynamically broken in the chiral limit [10, 11] , and that deconfinement and chiral symmetry restoration occur via coincident second-order phase transitions [12] [13] [14] . Herein we use the DSEs to elucidate the active fermion quasiparticles for T T c .
On the domain T > T c the chiral-limit dressed-quark propagator can be written
where ω n = (2n + 1)πT , n ∈ Z, is the fermion Matsubara frequency. There is no Dirac-scalar part because chiral symmetry is realised in the Wigner mode. The retarded real-time propagator is found by analytic continuation
and from this one obtains the spectral density
Equations (2) and (3) are equivalent to the statement:
Notably, if one requires a nonnegative spectral density, then Eq. (4) is only valid for T > T c ; i.e., on the deconfined domain [12] .
For an unconfined dressed-quark propagator of the form in Eq. (1), the spectral density can be expressed
where
are operators which project onto spinors with a positive or negative value for the ratio H := helicity/chirality: H = 1 for a free positive-energy fermion. The spectral density is interesting and expressive because it reveals the manner by which interactions distribute the single-particle spectral strength over momentum modes; and the behaviour at T = 0 shows how that is altered by a heat bath. As with many useful quantities, however, it is nontrivial to evaluate ρ(ω, | p|). Nonetheless, if one has at hand a precise numerical determination of the dressed-quark propagator in Eq. (1), then it is possible to obtain the spectral density via the maximum entropy method (MEM) [15] . We obtain the chiral-limit dressed-quark propagator from the gap equation
where:
is the dressed-gluon propagator; Γ ν is the dressed-quark-gluon vertex; and Z 1,2 , Z A 1,2 are, respectively, the vertex and quark wave function renormalisation constants [12, 16] .
The gap equation is determined once the kernel is specified. Herein we work at leading-order in the symmetrypreserving truncation scheme of Ref. [17] and employ a phenomenologically-efficacious one-loop renormalizationgroup-improved interaction [16] . Namely:
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2 , so any model-dependence appears only in the infrared, and provides a unified description of lightvector and -pseudoscalar mesons. It also predicts a momentum dependence for the dressed-quark propagator that is qualitatively in agreement with results from numerical simulations of lattice-QCD [19] . The extension to T > 0 preserves the agreement with perturbative QCD at large spacelike momenta. Finally, in employing the kernel we obtain coincident second-order deconfinement and chiral symmetry restoring transitions for two massless flavors at T c = 0.14 GeV, which is 10% smaller than that obtained in Ref. [20] .
One insufficiency of the interaction defined above is that D, the parameter expressing its infrared strength, is assumed to be T -independent. Since the nonperturbative part of the interaction should be screened for T T c , we remedy that by writing D → D(T ) with
where T p is a "persistence" temperature; i.e., a scale below which nonperturbative effects associated with confinement and dynamical chiral symmetry breaking are not materially influenced by thermal screening. Logarithmic screening is typical of QCD and with a = 0.028, b = 0.56 our numerical solutions yield m T = 0.8 T for T 2 T c ; viz., a thermal quark mass consistent with lattice-QCD [7] . We usually take T p = T c herein.
We have computed the spectral density by employing the MEM in connection with the solution of our gap equation. Notably, the behaviour changes qualitatively at T c . Indeed, employing a straightforward generalisation of the inflexion point criterion introduced in Refs. [11, 21] , one can readily determine that reflection positivity is violated for T < T c . This signals confinement. On the other hand, the spectral function is nonnegative for T > T c .
In Fig. 1 we depict the T > T c -dependence of the locations of the poles in ρ(ω, p = 0); i.e., the thermal masses. We anticipated that spectral strength would be located at ω + ( p = 0) and ω − ( p = 0) = −ω + ( p = 0), corresponding to the fermion's normal and plasmino modes at nonzero temperature. However, it is striking that on a measurable T -domain, spectral strength is also associated with a quasiparticle excitation described by ω 0 ( p = 0) = 0. The appearance of this zero mode is an essentially nonperturbative effect. It is an outgrowth of the evolution in-medium of the gap equation's T = 0 Wigner-mode solution and analogous to this solution's persistence at nonzero current-quark mass in vacuum [22] . The spectral density possesses support associated with this zero mode on T ∈ [0, T s ]. In fact: all the Wignerphase spectral strength is located within this mode at T = 0; it is the dominant contribution for T T c ; and, while it is dominant, it is the system's longest wavelength collective mode. On the other hand, as evident in the right panel of Fig. 1 , the mode's spectral strength diminishes uniformly with increasing T and finally vanishes at T s ≈ 1.35 T c . Then, for T > T s the quark's normal and plasmino modes exhibit behavior that is broadly consistent with HTL calculations. This is apparent in Fig. 1 and in a comparison between the upper and lower panels of Fig. 2 . Given these observations, we judge that the system should be considered a sQGP for T ∈ [T c , T s ], whereupon it contains a long-range collective mode.
We observe that the HTL approach is perturbative and only applicable for T ≫ T c . Hence it could not have predicted the zero mode's existence. Numerical simulations of lattice-QCD, on the other hand, are nonperturbative. However, it is practically impossible in contemporary computations to exactly preserve chiral symmetry. This can plausibly explain the absence of the zero mode in lattice simulations because any source of explicit chiral symmetry breaking heavily suppresses the mode [22] .
The upper-left panel of Fig. 2 depicts the dispersion relations for all dressed-quark modes that exist for T < T s and the behavior of their associated residues. On this sQGP domain the dispersion relations are atypical, with
Notwithstanding this, all realise free-particle behaviour for | p| ≫ T . We note and emphasise that the usual spectral sum rules are satisfied. Indeed, the identity
assists in understanding the momentum-dependence in the upper-left panel of Fig. 2 . The upper-right panel displays the momentum-dependence of the pole residues: spectral support is located completely in the normal mode for | p| ≫ T ; i.e., on the perturbative domain. The lower panel of Fig. 2 characterises the behaviour of ρ(ω, | p|) at on the high-T domain. In agreement with HTL analysis [5] , expected to be valid thereupon, we find only normal and plasmino modes, with
The plasmino dispersion law exhibits the expected minimum, in this case at | p|/T ≃ 1; and both ω ± (| p|) approach free-particle behaviour at | p| ≫ T , with that of the plasmino approaching this limit from below. The lower-right panel shows that the contribution to the spectral density from the plasmino is strongly damped and contributes little for p > 2T . These results are in-line with those obtained via simulations of lattice-QCD [7] . Equation (13) is a model and it is natural to enquire after its influence. None of our results are qualitatively altered by varying T p but, as one would expect, the width of the sQGP domain expands slowly with increasing T p ; e.g., a 50% increase in T p produces a 30% increase in T s .
Whilst we used the MEM to compute ρ(ω, | p|) from the completely self-consistent numerical solution of a rainbow truncation of QCD's gap equation, the appearance of a third and long-wavelength mode in the dressed-fermion spectral density on a material temperature domain above T c has also been observed in one-loop computations of the fermion self-energy, irrespective of the nature of the boson which dresses the fermion [23] . This mode appears for T > m G , where m G is an infrared mass-scale associated with the boson. In our case, m G = 0.12 GeV. Where a comparison is possible, the dependence of our spectral density on (ω, | p|, T ) is similar to that seen in the oneloop analyses of model gap equations. In analogy with a similar effect in high-temperature superconductivity [25] , that behaviour has been attributed to Landau damping, an interference phenomenon known from plasma physics.
Notably, we find that a coupling to meson-like correlations in the gap equation is not a precondition for the appearance of the zero mode because such correlations are absent in the rainbow truncation [13] . On the other hand our gap equation's kernel is characterised by an interaction that features an infrared mass-scale m G T c and supports dynamical chiral symmetry breaking at T = 0. We anticipate that the zero mode will markedly affect colour-singlet vacuum polarisations on T ∈ [T c , T s ]. This could be explicated using the methods of Refs. [26] .
Hadron physics experiment has presented us with the fascinating possibility that a near-perfect fluid might have been a key platform in the universe's evolution. We have sought to provide new insights into this possibility by employing the Dyson-Schwinger equations (DSEs), a tool used widely in many branches of physics and which in QCD provides a nonperturbative, continuum tool that unifies the treatment of confinement, dynamical chiral symmetry breaking and observable phenomena.
In pursuing this aim, we solved self-consistently a rainbow truncation of the gap equation for massless 2-flavour QCD, employing a kernel whose temperature-dependence is constrained by T = 0 hadron physics phenomenology and T = 0 lattice-QCD results, and found that chiralsymmetry restoration and deconfinement occur together at a temperature T c = 140 MeV. We subsequently computed the quark spectral density from the gap equation's solution for T > T c using the maximum entropy method, thereby demonstrating its potential when based on accurate input. Remarkably, on a significant domain T /T c ∈ [1, 1 + ∆], ∆ ≃ 0.4 − 0.8, the self-consistently determined Wigner phase supports a zero mode, despite the absence of meson-like correlations in our gap equation's kernel. This mode contains the bulk of the spectral strength for T T c and so long as this mode persists, the system may reasonably be described as a stronglyinteracting state of matter. If, as we argued, the existence of this long-wavelength mode is model-independent, then it is natural to anticipate that a strongly-interacting state of matter should precede the QCD phase transition.
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